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Ciprofloxacin, the first fluoroquinolone to be used to treat lower respiratory tract infections (LRTI),
demonstrates poor potency against Streptococcus pneumoniae, and its use has been associated with the emer-
gence of resistance. During the last decade, fluoroquinolones with enhanced in vitro activity against S.
pneumoniae have replaced ciprofloxacin for the treatment of LRTI. Here, we analyzed the impact of more active
fluoroquinolone usage on pneumococci by examining the fluoroquinolone usage, prevalence of fluoroquinolone
resistance, and mutations in the genes that encode the major target sites for the fluoroquinolones (gyrA and
parC) in pneumococcal isolates collected in Canada-wide surveillance. A total of 26,081 isolates were collected
between 1998 and 2009. During this time period, total per capita outpatient use of fluoroquinolones increased
from 64 to 96 prescriptions per 1,000 persons per year. The proportion of prescriptions for respiratory tract
infection that were for fluoroquinolones increased from 5.9% to 10.7%, but the distribution changed: the
proportion of prescriptions for ciprofloxacin decreased from 5.3% to 0.5%, and those for levofloxacin or
moxifloxacin increased from 1.5% in 1999 to 5.9% in 2009. The prevalence of ciprofloxacin resistance (MIC >
4 �g/ml), levofloxacin resistance, and moxifloxacin resistance remained unchanged at <2%. Multivariable
analyses showed that prevalence of mutations known to be associated with reduced susceptibility to fluoro-
quinolones did not change during the surveillance period. If fluoroquinolone therapy is required, the prefer-
ential use of fluoroquinolones with enhanced pneumococcal activity to treat pneumococcal infections may slow
the emergence of resistance in S. pneumoniae.

Streptococcus pneumoniae is the most common bacterial
cause of respiratory tract infections (RTIs). Ciprofloxacin,
the first fluoroquinolone to be used to treat lower respira-
tory tract infections (LRTIs) (29), demonstrates poor po-
tency against S. pneumoniae, and its introduction has been
associated with the rapid emergence of resistance in pneu-
mococci (5, 6, 9, 16, 26, 29).

Since the late 1990s, newer fluoroquinolones with enhanced
pneumococcal activity, including levofloxacin, gatifloxacin, and
moxifloxacin, have replaced these earlier antimicrobials as the
fluoroquinolones of choice for the treatment of LRTIs (1, 4).
There is concern that this change may enhance treatment suc-
cess in the short term but promote the spread of highly resis-
tant strains in the long term (28).

In order to determine the impact of the use of these newer
agents on fluoroquinolone resistance in pneumococci, we char-
acterized isolates collected as part of a Canada-wide surveil-
lance program from 1998 to 2009 and related this to fluoro-
quinolone use during this time period.

MATERIALS AND METHODS

The Canadian Bacterial Surveillance Network is comprised of private and
hospital-affiliated laboratories from across Canada and provides service to com-
munity and tertiary care hospitals, community clinics, physician offices, and
long-term care facilities (25). All 10 Canadian provinces and two of three terri-
tories are represented. For surveillance of resistance in S. pneumoniae from 1998
to 2009, participating laboratories, based on their size and catchment area, were
asked each year to collect either the first 20 or 100 consecutive clinical isolates,
followed by all sterile-site isolates of S. pneumoniae. All laboratories were asked
to provide the date of collection, source of specimen, and patient age and gender.
In metropolitan Toronto and Peel Region (population, 3.5 million), all labora-
tories participated in surveillance and submitted all sterile-site and respiratory
isolates of S. pneumoniae, providing population-based surveillance of disease in
this region.

Isolates were transported on chocolate agar slants or swabs to Mount Sinai
Hospital in Toronto, where they were confirmed to be S. pneumoniae by standard
methodology, screened to ensure that duplicate isolates from the same patient
were not included, and stored at �70°C. In vitro susceptibility testing was per-
formed by broth microdilution, and results were interpreted according to Clinical
and Laboratory Standards Institute guidelines using nonmeningeal parenteral
breakpoints unless otherwise specified (7, 8). For the purposes of this study,
isolates were defined as nonsusceptible if their MICs were in the intermediate or
resistant category and as resistant to ciprofloxacin if their ciprofloxacin MICs
were �4 �g/ml (6, 11).

IMS Health Canada (IMS) provided the annual per capita rate of prescrip-
tions for fluoroquinolones and the percentage of each drug in this class recom-
mended to treat RTIs from 1998 to 2009. IMS collects data on dispensed
prescriptions from a representative sample of retail pharmacies in Canada.
These pharmacies are stratified by outlet type, location, and size and are used to
estimate the total Canadian retail prescription market. The indications for use of
antimicrobials were determined by a quarterly IMS audit that collects treatment
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data from a sample of over 650 office-based Canadian physicians and identifies
usage and treatment patterns by drug and by physician specialty.

The quinolone resistance-determining regions (QRDRs) of the parC and gyrA
genes were amplified and sequenced (23). Multiple nucleotide sequences were
performed with the Clustal W2 program (http://www.ebi.ac.uk/Tools/clustalw2
/index.html). We sequenced the QRDRs of all isolates with a ciprofloxacin MIC
of �4 �g/ml, moxifloxacin MIC of �0.25 �g/ml, or levofloxacin MIC of �4
�g/ml. In order to test the hypothesis that this selection would identify all isolates
with at least one mutation in the QRDRs of gyrA, we also sequenced a 15%
sample of other isolates, stratified by fluoroquinolone MIC combinations.

The serotypes of all fluoroquinolone-resistant isolates, of all isolates from
population-based surveillance in the metropolitan Toronto and Peel region, and
of a representative sample of other susceptible isolates were determined on the
basis of the Quellung reaction, using commercial antisera obtained from the
Statens Serum institute (Copenhagen, Denmark) (18).

Statistical analysis. Statistical analysis was performed using SPSS, version 15
(SPSS, Inc., Chicago, IL), and SAS, version 9.1 (SAS, Cary, NC). A chi-square or
Fisher’s exact test was used to assess the difference in proportions between two
or more groups, and Wilcoxon rank sum tests were used to assess differences in
continuous variables. P values of less than 0.05 were considered statistically
significant. Logistic regression models were used to adjust the estimated effect of
time on fluoroquinolone resistance for covariates that might be potential con-
founders, mediators, or effect modifiers, based both on relationships within the
surveillance data and information from other publications. Secondary analysis
was performed with data from population-based surveillance in Toronto/Peel.
Logistic regression models were also used to identify factors associated with
increased prevalence of and gyrA and parC mutations.

RESULTS

From January 1998 to December 2009, a total of 119 labo-
ratories, including 12 community-based laboratories and 107
laboratories serving hospitals ranging in size from 76 to 1,211
beds, submitted 26,081 pneumococcal isolates for testing (Ta-
ble 1). The median number of isolates submitted per center
was 71 (range, 1 to 2,952). A total of 46 laboratories submitted
isolates each year for the entire surveillance period.

Of the 26,081 isolates, 10,127 (38.9%) were recovered from
blood or other sterile sites (9,368 from blood, 301 from cere-
brospinal fluid, 212 from pleural fluid, and 246 from other
sterile sites), 10,500 (41.1%) were recovered from nonsterile
respiratory sites (9,096 from sputum/endotracheal aspirates,
1,136 from bronchoscopy specimens, 268 from other respira-
tory tract sites), and 5,422 (20.8%) were from other sites (3,511
from eye swabs, 1,641 from ear swabs, and 270 from other
sites). The source of 32 specimens was unknown. The patient’s
age was specified for 25,779 (98.8%) isolates: among these,
6,537 (25.4%) specimens were from children under the age of
15 years, 10,485 (40.7%) were from adults 16 to 64 years of age,
and 8,757 (34.0%) were from adults 65 years of age or older.

The prevalence of isolates resistant to oral penicillin in-
creased from 5.7% (82 of 1,428) in 1998 to 8.3% (123 of 1,491)
in 2009. Over the same time period, the prevalence of resis-
tance to intravenous penicillin (nonmeningeal breakpoints) in-
creased from 0.07% (1 of 1,428) to 0.54% (8 of 1,491), resis-
tance to amoxicillin increased from 0.07% (1 of 1,428) to 3.5%
(50 of 1,491), resistance to ceftriaxone (meningeal break-
points) increased from 2.5% (35 of 1,428) to 5.1% (76 of
1,491), resistance to erythromycin increased from 10.5% (150
of 1,428) to 24.4% (363 of 1,491), resistance to trimethoprim-
sulfamethoxazole increased from 12.3% (175 of 1,428) to
13.7% (204 of 1,491), and resistance to tetracycline increased
from 9.1% (113 of 1,248) to 12.5% (187 of 1,491).

Out-patient use of fluoroquinolone antibiotics in Canada
increased from 64 prescriptions per 1,000 persons in 1998 to 96

prescriptions/1,000 persons in 2009. The proportion of Cana-
dian antibiotic prescriptions for RTIs that were for fluoro-
quinolones increased from 5.9% (in 1998) to 10.7% (in 2009)
(Fig. 1).Over the same time period, the proportion of prescrip-
tions for RTIs that were for ciprofloxacin decreased from 5.3%
to 0.5%. The proportion of prescriptions for levofloxacin in-
creased from 1.5% in 1999 to 3.8% in 2001 and then remained
stable, and the proportion that was for moxifloxacin increased
from 0.1% in 2000 to 5.9% in 2009.

The prevalence of ciprofloxacin resistance in pneumococcal
isolates increased from 1.7% (136 of 7,968) in 1998 to 2001 to
2.2% (225 of 10,157) in 2002 to 2005 and 2.4% (184 of 7,761)
in 2006 to 2009 (P � 0.004) (Fig. 1). Levofloxacin resistance
increased from 0.73% (58 of 7,968) in 1998 to 2001 to 1.5%
(156 of 10,157) in 2002 to 2005 and 1.4% (112 of 7,761) in 2006
to 2009 (P � 0.001), and moxifloxacin resistance increased
from 0.31% (25 out of 7,968) in 1998 to 2001 to 0.48% (49 out
of 10,157) in 2002 to 2005 and 0.68% (53 of 7,761) in 2006 to
2009 (P � 0.001). The 375 pneumococcal isolates which were

TABLE 1. Factors associated with reduced susceptibility
to ciprofloxacin in 26,081 isolates of S. pneumoniae
collected between 1998 and 2009 by the Canadian

Bacterial Surveillance Networka

Factorb

No. (%) of isolates
with a

ciprofloxacin MIC
� 4 �g/ml

P valuec

Geographic aread 0.002
Central Canada 415/18,981 (2.2)
Eastern Canada 64/3,265 (2.0)
Western Canada 50/3,725 (1.3)

Patient age �0.001
�15 yrs 17/6,524 (0.26)
15–64 yrs 173/10,253 (1.7)
�64 yrs 336/8,720 (3.9)

Source of isolate �0.001
Blood or other sterile fluid 106/10,080 (1.0)
Respiratory tract, nonsterile 389/10,450 (3.7)
Other 32/5,410 (0.59)

Type of laboratorye �0.001
Community 53/4,149 (1.3)
Hospital, �200 beds 12/922 (1.3)
Hospital, 200–499 beds 172/9,013 (1.9)
Hospital, 500–699 beds 93/4,125 (2.3%)
Hospital, �700 beds 193/6,936 (2.8%)

Penicillin MIC of isolate �0.001
�0.125 �g/ml 396/21,876 (1.8)
0.125–1 �g/ml 64/2,391 (2.7)

�1 �g/ml 85/1,787 (5.3)

a Data shown are for reduced susceptibility to ciprofloxacin (MIC � 4 �g/ml);
analysis of factors associated with levofloxacin and moxifloxacin yielded indis-
tinguishable results.

b The submitting center (geographic area) was missing for 2 (�.1%) isolates,
the patient’s age was unknown for 302 (1.1%) specimens, and the type of
specimen (source) was unknown for 32 (0.12%) isolates.

c Likelihood ratio chi-square test.
d Central Canada includes the provinces of Manitoba, Ontario, and Quebec;

eastern Canada includes the Atlantic provinces; western Canada includes Sas-
katchewan, Alberta, British Columbia, the Yukon, and the Northwest Territo-
ries.

e A total of 936 isolates were submitted from laboratories that service hospitals
of various sizes.
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resistant to at least one fluoroquinolone were submitted by 59
different centers from all 10 provinces of Canada. Forty-one
different serotypes were identified; the most frequent were
serotypes 19F (55 isolates), 23F (46 isolates), 11A (29 isolates),
14 (30 isolates), 9V (22 isolates), 6A (21 isolates), 6B (20
isolates), and 3 (17 isolates). In analysis of population-based
data, isolates of serotypes 35A, 17F, 11A, and 19F were statis-
tically significantly more likely to be fluoroquinolone resistant
than isolates of other serotypes. There was no evidence of
temporal or geographic clustering of fluoroquinolone-resistant
isolates of any serotype (data not shown).

In univariable analysis, pneumococci resistant to fluoro-
quinolones were significantly more likely to be isolated from
older patients, from respiratory tract specimens, from patients
from central Canada, and from specimens submitted from pa-
tients in larger hospitals (�200 beds) (Table 1). In multivari-
able analysis, pneumococci resistant to fluoroquinolones were
significantly more likely to be isolated from older patients
(odds ratio [OR], 1.2 per decade of age; 95% confidence in-
tervals [CI], 1.15 to 1.30) and from respiratory tract specimens
(OR, 3.3; 95% CI, 2.7 to 3.9). There was no association be-
tween date of isolation of the specimen and resistance to cip-

rofloxacin, levofloxacin, or moxifloxacin. There was no signif-
icant difference in results in a secondary analysis based on
isolates from Toronto/Peel only; date of isolation of the spec-
imen was not associated with resistance to ciprofloxacin, levo-
floxacin, or moxifloxacin.

In temporal association with the licensure of the 7-valent
conjugate vaccine in Canada in June 2001 and its subse-
quent incorporation into publicly funded infant immuniza-
tion programs, the proportion of submitted pneumococcal
isolates from specimens obtained from children decreased
from 34% (2,656 of 7,758 isolates) in 1998 to 2001 to 16.8%
(1,312 of 7,815) in 2006 to 2009 (P � 0.001), and the pro-
portion of isolates with serotypes included in the 7-valent
conjugate vaccine decreased from 65% (1,759 of 2,715) in
1998 to 2001 to 27% (1,189 of 4,393) in 2006 to 2009. In
isolates from population-based surveillance in the metropol-
itan Toronto/Peel region, resistance to ciprofloxacin was
2.2% in isolates with serotypes included in the 7-valent
conjugate vaccine and 2.8% in other isolates (P � 0.13). In
comparison, resistance to levofloxacin was 1.5% in isolates
with serotypes included in the vaccine and 2.3% in other
isolates (P � 0.01), and resistance to moxifloxacin was 0.5%

FIG. 1. Prevalence of fluoroquinolone-resistant isolates (bars) and proportion of fluoroquinolone usage (lines) for the treatment of respiratory
tract infections in Canada. The percentages of total fluoroquinolones and individual fluoroquinolones used for treatment of respiratory tract
infection are shown. Resistance was defined as a MIC of �4 �g/ml for ciprofloxacin and levofloxacin and of �2 �g/ml for moxifloxacin. The left
y axis depicts prevalence of fluoroquinolone resistance found among pneumococcal isolates collected during the surveillance. The right y axis shows
the proportion of respiratory tract infections treated with total fluoroquinolones and individual fluoroquinolones.
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in isolates of serotypes included in the vaccine and 1.0% in
other isolates (P � 0.009).

In multivariable analysis, pneumococci resistant to cipro-
floxacin were significantly more likely to be isolated from older
patients (OR, 1.4 per decade; 95% CI, 1.3 to 1.5), from respi-
ratory tract specimens (OR, 3.8; 95% CI, 2.7 to 5.4), from
isolates whose serotypes were included in the 7-valent conju-
gate vaccine (OR, 1.5; 95% CI, 1.1 to 2.1), and from specimens
obtained was early during the surveillance period (OR per
year, 1.08; 95% CI, 1.0 to 1.15). There was no association
between date of isolation of the specimen and resistance to
levofloxacin or moxifloxacin.

Of the 4,558 isolates selected for molecular characterization
of the QRDRs of parC and gyrA, 22 isolates (0.48%) could not
be retrieved for sequencing, and 3 isolates could not be se-
quenced due to technical problems. There were 963 isolates
with one or more mutations in the QRDR of the parC gene but
none in the gyrA gene. Among these isolates, the most common
mutations were at positions 137 (Lys-137) (761 isolates), 79
(Ser-79) (179 isolates), and 83 (Asn-83) (47 isolates). Forty-
two isolates had mutations at 20 other positions in parC (data
not shown). We found 29 isolates with mutations in the QRDR
of only gyrA: 18 with a mutation at position 81 (Ser-81), 1 with
a mutation at position 85 (Glu-85), 1 with mutations at both
positions 81 and 85, and 9 with mutations at other sites. Of the
268 isolates containing mutations in both parC and gyrA, the
most common substitutions were at positions 79 (Ser-79) of
parC and at 81 (Ser-81) of gyrA (191 isolates), followed by
substitutions at positions 79 (Ser-79) of parC and 85 (Glu-85)
of gyrA (39 isolates) and substitutions at positions 83 (Asn-83)
of parC and 81 (Ser-81) of gyrA (16 isolates).

Previous studies and our prior analysis of mutations in these
isolates have shown that substitutions at positions 78, 79, 83,
91, 115, and 129 of parC and substitutions at positions 81 and
85 of gyrA are associated with reduced fluoroquinolone sus-
ceptibility while other mutations in these QRDRs do not affect
fluoroquinolone susceptibility (13, 21, 23). Therefore, we con-
sidered only those isolates with mutations affecting fluoroquin-
olone susceptibility in our analysis of mutations potentially
selected for by the use of fluoroquinolone antibiotics. We iden-
tified mutations affecting fluoroquinolone susceptibility in gyrA
alone in none of 3,343 isolates with a moxifloxacin MIC of
�0.25 �g/ml, 8 of 883 (0.9%) isolates with a moxifloxacin MIC
of 0.25 �g/ml, and 18 of 49 (37%) isolates with a moxifloxacin
MIC of �0.5 �g/ml (P � 0.0001). Similarly, isolates with mu-
tations affecting fluoroquinolone susceptibility in both gyrA
and parC were identified in none of 4,067 isolates with a cip-
rofloxacin MIC of �4 �g/ml, 2 of 143 (1.4%) isolates with a
ciprofloxacin MIC of 4 �g/ml, 18 of 60 (30%) of isolates with
a ciprofloxacin MIC of 8 �g/ml, and 234 of 255 (92%) isolates
with a ciprofloxacin MIC of �8 �g/ml (P � 0.0001). The
prevalence of isolates with mutations in only gyrA increased
from 0.05% (4 of 7,968) in 1998 to 2001 to 0.08% (8 of 10,157)
in 2002 to 2005 to 0.32% (14 of 4,348) in 2006 to 2007 (P �
0.0001). Similarly, the prevalence of isolates with mutations in
both gyrA and parC increased from 0.68% (54 of 7,968) in 1998
to 2001 to 1.5% (147 of 10,157) in 2002 to 2006 and then
remained stable in 2006 to 2007 (53 of 4,348, or 1.2%) (P �
0.0001). However, in multivariable analysis adjusted for the
age of the patient, the source of the specimen, and whether the

isolate was a serotype included in the 7-valent conjugate vac-
cine, there was no increase in the prevalence of mutations over
the decade of surveillance.

The first pneumococcal isolate with a mutation in the
QRDR of gyrA only was identified in 2000. The 26 isolates
were recovered from specimens from adults (median age, 62
years; range, 29 to 89 years) from 19 different laboratories in
five provinces. Eighteen specimens were sputum, four were
blood cultures, two were bronchoscopy specimens, and one
each was from an ear swab and pleural fluid. Fourteen different
serotypes were identified among the 26 isolates.

DISCUSSION

Antibiotics continue to be an important weapon in the
health care armamentarium. Their major weaknesses are seri-
ous adverse events—such as Clostridium difficile-associated dis-
ease and tendon rupture for fluoroquinolones—and the fact
that their use selects for antibiotic resistance in both the mi-
croorganisms they are intended to treat and other microorgan-
isms that are incidentally exposed. Developing new antibiotics
and minimizing the use of currently available antibiotics are
the two most important strategies for combating the threat of
antibiotic resistance. However, both of these strategies have
proven difficult to implement. Thus, it is also important to
understand whether differences in how antibiotics are used can
increase or decrease selective pressure. The introduction of
ciprofloxacin was associated with the rapid emergence of cip-
rofloxacin resistance in pneumococci in Canada and around
the world (2, 6, 19, 27), and the volume of fluoroquinolone use
has been shown to be strongly associated with resistance.
When newer fluoroquinolones more active against pneumo-
cocci than ciprofloxacin were introduced in the late 1990s, it
was hypothesized that their use would reduce selective pres-
sure for resistance in pneumococci. Our surveillance demon-
strates that, despite overall increases in the total use of cipro-
floxacin and the added use of newer fluoroquinolones for the
treatment of RTIs, fluoroquinolone resistance in pneumococci
has not increased.

Two reasons were postulated to explain why using newer
fluoroquinolones might reduce selective pressure for resis-
tance in pneumococci. The parameter that best predicts the
efficacy of the fluoroquinolones in eradicating pneumococci is
the ratio of the area under the concentration-time curve
(AUC) to the MIC. In vitro and in vivo studies and clinical
trials have determined that maintenance of an unbound AUC/
MIC ratio of 30 to 40 maximizes the bactericidal efficacy of
fluoroquinolones against S. pneumoniae and minimizes the se-
lection of resistant isolates during therapy (2). Ciprofloxacin at
doses used for therapy never achieves this target, levofloxacin
at a dose of 500 mg once a day will just achieve it, and moxi-
floxacin and gatifloxacin used at recommended daily doses will
achieve AUC/MIC ratios well above it (19, 27, 28). The inher-
ent activity of levofloxacin, gatifloxacin, and moxifloxacin
against pneumococci may thus minimize the emergence of
resistance during therapy and, thus, the broader selection of
resistance in a population (14).

Another putative benefit of the newer fluoroquinolones gati-
floxacin and moxifloxacin in reducing selective pressure com-
pared to ciprofloxacin is their affinity for both the GyrA and
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ParC enzymes such that wild-type S. pneumoniae needs to
acquire resistance mutations in both genes to survive at drug
concentrations achieved during therapy. Since independent
mutations generally arise once per 107 cell divisions or less, the
likelihood that relevant mutations in both parC and gyrA genes
will occur in the same strain is about once in 1014 cell divisions
(14), which is unlikely to occur during therapy infection. Using
gatifloxacin or moxifloxacin to treat a pneumococcal infection
may thus be analogous to using combined antimicrobial ther-
apy to reduce the likelihood of the emergence of resistance in
the treatment of Mycobacterium tuberculosis and HIV infec-
tions (22).

Our surveillance for mutations associated with fluoro-
quinolone resistance mutations over time supports the hy-
pothesis that, over time, the selective pressure has changed
from ciprofloxacin to more active fluoroquinolones. Cipro-
floxacin and levofloxacin preferentially target ParC, whereas
moxifloxacin and gatifloxacin target both ParC and GyrA
(15). Prior to the introduction of gatifloxacin and moxifloxa-
cin, all isolates with mutations observed in the QRDRs of S.
pneumoniae had mutations in the parC gene (3, 10). Since
the introduction of gatifloxacin and moxifloxacin, the num-
ber of isolates with parC mutations has remained stable, but
there has been an increase in the proportion of isolates with
gyrA-only mutations (12, 13, 24).

Introduction of the 7-valent conjugate pneumococcal vac-
cine, which includes serotypes that are often associated with
nonsusceptibility to penicillin and other antimicrobial drugs,
has resulted in changes in the epidemiology of pneumococcal
disease including the proportion of antimicrobial-resistant
strains causing invasive pneumococcal disease (17, 20). Al-
though strains of serotypes included in the 7-valent vaccine
were somewhat more likely to be resistant to fluoroquinolones
than other strains, we found that the introduction of the 7-va-
lent conjugate pneumococcal vaccine in Canada did not have
an impact on the prevalence of fluoroquinolone resistance in
pneumococci.

In summary, our data suggest that the introduction of more
active fluoroquinolones with approximately equal affinity to
two different binding sites has resulted in a significant reduc-
tion in selective pressure for fluoroquinolone resistance in S.
pneumoniae. Although volume of antibiotic use is the most
important determinant of antimicrobial resistance, there are
some circumstances in which the selection of particular anti-
microbials within a class may also be important, and recom-
mendations for antimicrobial use should take these effects into
account. In the case of pneumococcal resistance to fluoro-
quinolones, the change to new antimicrobial agents may have
helped to control the emergence fluoroquinolone-resistant S.
pneumoniae.
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